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Abstract. The quality of multifaceted objects or phenomena can be hardly described or evaluated by
a single criterion. The quality of the trip by train is described by a set of quantitative and qualitative
criteria. The influence of all the criteria on the trip by international train may be evaluated by a
comprehensive quality index (CQI) or quality index K. An additive model is offered for calculating
CQI, which consists of the average weights of the criterion groups, as well as normalized weights
and variables of the criteria, showing the correspondence of the real value of each criterion to the
best, critical or allowable value. A mathematical model, which may be used for determining the
quality of the trip by train based on the criteria describing the elements of the train and technical
state of the railway track is also presented. Based on the use of 16 criteria describing the elements
of the train and the parameters and the technical state of the railway track, the quantitative estimate
K, (multiple criteria index) is obtained. The suggested model and the techniques used in the work
may be applied to determining the quality or effectiveness of other objects or processes, which can
be described by sets of criteria.

Keywords: international train, passenger transportation, comprehensive quality index (CQI),
evaluation, trip quality, expert research, MCDM, additive model, weight.
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Introduction

In the new age of railway transportation, the main task is to ensure a safe use of railway
infrastructure, which should meet the requirements of safety standards (Rao, Tsai 2007).
To ensure railway traffic safety, the systems of the railway track and train control, as well
as signalling and communication systems, were introduced into railways (Hamilton et al.
2009), and the impact of track parameters and trains on the railway track safety was in-
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vestigated (Cherkashin, Pogorelov 2010). It was found that the main factors having a negative
effect on railway traffic safety are rail roughness and longitudinal forces acting on the train.
The article of Jafarian and Rezvani (2012) presents a comprehensive and transparent study
on the evaluation of the railway safety risks using the fuzzy fault tree analysis (FTA). For this
purpose, a method for quantification and evaluation of the fault tree in the fuzzy environment
is proposed. The method that is presented in this article is based on modifying the weighted
averaging according to the levels of defuzzification method. The main results obtained in
investigating the impact of the train and railway parameters on the wearing of wheels and
rails and their analysis were presented in (Zakharov, Romen 2010; Zakharov et al. 2010). The
models for evaluating operational characteristics of the track bed (under the moving load)
were created and the spectral analysis of soil acceleration (driving resistance) (Ho et al. 2009)
was performed. The calculations of the effect produced on the railway track by various types
of trains moving on the straight and curved road sections at various speed (Gorbunov 2010)
and the evaluation of geometric railway track parameters were made by using the satellite
systems (Koc 2012). The algorithm for calculating the dynamic loads was also developed. The
largest displacement of the two-dimensional rail system acted upon by the exciting dynamic
force was 22 mm. A slight non-linearity of the considered elastic-plastic material was observed
(Noorzaei et al. 2012). Other researchers considered traffic capacity (Ramunas et al. 2011)
and the reliability factor of railways (Ivnitsky, Polyakova 2011). The formula for determining
the dynamic coefficient, which may serve as a technical basis for designing and assessing the
bridges included in the urban railway system, was offered (He et al. 2011), and the dynamic
pressure caused by a train running over the Qinghai-Tibet railway embankment located
in a permafrost area was investigated (Zhu et al. 2011). A set of programmes most suitable
for ensuring railway track safety (Vale et al. 2012) and the models for maintaining the rail-
way and the ballast (Burrow et al. 2009; Sevi, Ge 2012; Lobo-Guerrero, Vallejo 2006) were
offered. Now, when the prices of oil, electricity and gas are constantly growing, the methods
of saving power and fuel should be sought. The investments in technological, technical and
organizational measures, helping to achieve this, and the improvements in management
and use of resources are made. Macroeconomic evaluation of the development of transport
infrastructure was also performed (Macheret et al. 2010), and the main problems were
identified (Walker et al. 2008). A program, helping to find the best vertical layout for a track
with a given horizontal layout, was presented (Bababeik, Monajjem 2012). A bottleneck
optimization model for increasing the carrying capacity by reasonably arranging routes and
turnouts and considering proportionality and minimization of the total occupation time was
offered (Liujiang et al. 2012).

In recent years, transport problems have been solved based on the results obtained in
scientific research and the recommendations provided by researchers (Gould, Niemeier
2009). The analysis of the automatic clutch durability in locomotives (Daunys et al. 2009)
and reconditioning methods of the roll surface of the wheels was performed (Vorobyev et al.
2011). Multicriteria decision making methods were widely used for evaluating the available
alternatives and choosing the best option in various technological and management areas, as
well as for assessing risks in construction projects (Zavadskas et al. 2010; Liou, Tzeng 2012).
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To improve technical and economic indicators of passenger transportation, the methods
of passenger flow prediction and the regression analysis should be implemented by using the
automatic control system Express. Using these methods, it will be possible to plan the volumes
of passenger transportation and the number of the required trains. Effective planning means
10-15% decrease in the mileage of trains with unoccupied berths, higher quality of services
provided to passengers and lower expenses due to timely formation of the additional trains
(Makarova et al. 2011). Rail passenger transportation at a reasonable price is usually unprof-
itable for the state. Therefore, the aim is to avoid losses. To optimize the process of passenger
transportation, various calculations are used, energy consumption for washing, cleaning and
disinfection of uniforms, bedclothes, etc., at the railway enterprise laundries, a disinfection
chamber and drycleaners is reduced (Finichenko 2011), and the number of trains in the sec-
tor of passenger transportation is planned (Dailydka 2010). The evaluation of technological,
economic, safety and quality criteria of passenger transportation on an international route
was also performed by expert methods (Maskelitinaité, Sivilevi¢ius 2012). The lack of the
data for evaluating passenger transportation quality on this route encouraged the authors
(Sivilevicius et al. 2012) to develop a quantitative method and the K index, which allowed
them to objectively assess the considered passenger transportation quality and to express it
by a single value.

The aim of the present paper is to suggest an original mathematical model for evaluating
the significance of 16 criteria describing the train elements and the technical state of rails
(railway track), as well as their significance to the comprehensive quality index (CQI), and
to validate the results by considering a numerical example of comprehensive quality index
calculation for the international train “Vilnius—-Moscow’

1. A description of the activities of the joint-stock company
Lietuvos gelezinkeliai

In the Baltic States, the distance between the rails of a railway, the track gauge, is of the
Russian standard, making 1520 mm. There is no special high-speed railway in Lithuania,
which means that the passenger and freight trains use the same railway tracks. At present, the
highest allowable speed of passenger trains in Lithuania reaches 120 km/h on some routes.
The renewal of the infrastructure could allow the speed of passenger trains to be increased
up to 160 km/h on some railway sections. The Baltic states, including Lithuania, Estonia
and Latvia, are interested in the construction of the railway tracks with the European gauge
of (1435 mm). Visiting Lithuania, Toomas Hendrik Ilves, the President of Estonia, expressed
his regret about the absence of a high-speed train running between Vilnius and Tallinn, and
the high-speed railway with the terminals in Helsinki in the North and in Berlin in the West.
He also expressed his hope that this is only the question of time, when this railway will appear
(Estijos prezidentas sidlo... 2013).

‘Rail Baltica’ is the railway line of the European standard, with the design speed of the
trains reaching 240 km/h. The AB ‘Lietuvos gelezinkeliai’ (joint-stock company ‘Lithuanian
Railways’) company is the performer of this EU TEN-T priority project. The project ‘Rail
Baltica’ is aimed at developing the East—West railway transportation system providing the
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connection of the Baltic States with Poland and through it with the other European countries
and their railway network (Lithuanian Railway 2012). In Lithuania, 7 km-long railway with
the European track gauge, connecting Mockava and Sestokai has already been constructed. In
May 2013, the reconstruction of the track section from the frontier with Poland to Mockava
has been started. The construction of the 120 km-long railway section of the European track
gauge leading to Kaunas is planned to be completed in 2015. ‘Rail Baltica’ will provide the
shortest route for passengers to reach the Baltic states as well as West European countries
safely and comfortably. It will also allow Lithuania to increase freight transportation from
and to other countries and, thereby, to increase the competitiveness of the state.

The development of railway transport in Lithuania is closely connected with the realiz-
ation of new initiatives of the European Union, pursuing the policy of sustainable transport
development. Passenger transportation still faces some unsolved problems, though positive
results achieved in 2011, e.g. the increased number of passengers (Fig. 1) and considerably
reduced losses in passenger transportation, encourage investments in rolling stock renewal
and other initiatives aimed at making transportation by railway more attractive to passen-
gers. The number of passengers has considerably increased on the routes Vilnius-Kaunas,
Vilnius-Klaipéda and Vilnius—-Minsk. On the latter route, 191 thous. passengers were
transported during the nine months in 2012 compared to 171 thous. in the year 2011. The
electrification works have been started on
the route Naujoji Vilnia-Kena. The route
Vilnius-Minsk will be electrified by 2014 5, 44 4.4 = =
and new electric trains will run there. 4 |
This will allow passengers to cover the 34 ' ‘
distance between these two cities in two 24 P8s s| 38 k28

y | {

0+ — = =
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® International communication  Local communication
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hours without stopping if the formalities
at the customs of the two states could be
quickly settled. In its turn, this would give
the railway transport a great competitive
advantage over the automobile trans- Fig. 1. The dynamics of passenger flows
port, which cannot cover this distance so in 2009-2012 (mil)

quickly (Saladzius 2012).

The AB ‘Lietuvos geleZinkeliai’ is im- 500 - 446
portant for the development of the eco- 4001 g9 299 i
nomy ofLithuania (Fig. 2). 2 ;gg | u h

In 2012, the ‘GILD Bankers’ investment 100 4 u
bank published a list of 100 most highly 0 ] , : ,

valued Lithuanian companies in the year L

2011, and AB ‘Lietuvos gelezinkeliai’ was
at the top of it. The leaders managed to Fig. 2. The payments of the AB ‘Lietuvos
increase their value from 2.678 billion Lt to  geleZinkeliaf’ to the budgets of the state, municipality

1 . and ‘Sodra’ (State Social Insurance Fund Board
3.024 billion Lt during a year. The finan- under the Ministry of Social Security and Labour)

cial indicators of the company were also and other financial contributions to the state
improved considerably (Saladzius 2012). economy in 2009-2012 (million Lt)
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2. The development and description of the model of travel by train

The quality of travel by train (QTT) is described by both qualitative and quantitative criteria.
It would be convenient to quantitatively evaluate the significance of all the criteria for QTT
by a single number. The significance of particular criteria differs to some extent. In the work
(Maskelitinaité et al. 2009), 49 QTT criteria belonging to four various groups A, B, C, D (Fig. 3)
are considered. Their average weights are determined by using the expert evaluation method.

THE CRITERIA OF RAILWAY TRIP QUALITY

A. The criteria describing the train elements and the technical state of the railway track |—

B. The criteria describing planning and technology of the railway trip (Sivilevicius et al. 2012) |

C. The criteria describing the cost of the trip and the provided services |

D. The criteria describing railway trip safety

| Al. Quality of the railway track

| A2. Speed of the train (trip duration)

| A3. The state of the carriage exterior (cleanness, deformations, damage, etc.)

| A4. Noise reduction measures (noise insulation)

T T T TT

| A5. The interior of a passenger carriage

A6. Operation of ventilation, air conditioning, cooling and lighting systems in terms
of their timely switching on/off

| A7. Temperature requiredinside a passenger carriage

| A8. Type (simple or vacuum) and condition of toilets (lavatories)

T T

A9. Construction of berths (safety belts on upper level berths), special facilities
for the disabled

| A10. Availability of regularly operating shower

| Al1l. Special compartments for transporting bigcles

| A12. Smoking places

| A13. Radio broadcasting unit and its centralized operation (switching on/off)

| Al4. Dining-car (buffet-car)

| A15. Possibility of calling an attendant to a passengers’ compartment in emergency cases

LI T TTTT

| A16. Possibility of using electrical appliances (hairdryer, iron, etc.)

Fig. 3. A diagram of quality criteria groups A, B, C, D, describing the railway trip quality
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The weights of 16 criteria, belonging to group A, and describing the train elements and
technical state of rails (railway track), were obtained from the survey of experts, when three
categories of respondents — passengers (P) and experts, including the service staff of the train
(ST) and the administration staff (AS) of the joint-stock company (JSC) ‘Lithuanian Railways’
(AB ,Lietuvos gelezinkeliai“), gave their opinions.

Trains made up for various routes have railway carriages of different types and technical
state and are serviced by the staff members who have different work experience and educa-
tion. The quality of passenger transportation by any train can be determined only roughly,
subjectively and intuitively. Therefore, to evaluate it more accurately, a quantitative method
and the index K, allowing the quality of travel on a particular route to be expressed by a single
number, were developed. The index K is calculated by the equation:

K=K, +Kz+K-+Kp, (1)

where K 4, K5, K, K, denote CQI of the criteria of the groups A, B, C and D, describing
the quality of travel by an international train.

The model for calculating the criteria, describing the train elements and technical state
of the railway track based on the mean weight coefficient Z* and the mean weight of each
criterion (expressing the estimates of the significance of group A criteria, elicited from all
three categories of respondents and experts) is determined by the equation:

Ky=27} '(QAl X1+ Qup Xy e+ Quue 'xA16)> (2)

where K 4 is a comprehensive quality index (CQI) of the international train (ranging from
0 to 1); Z} is the mean weight, reflecting the respondents’ and experts’ estimates of the
significance of the criteria of group A; Q,;,-..Q,,, denote the mean weight values of j-th
criterion of group A(1,...,m) determined by the expert evaluation method (Sivilevicius,
Maskelitinaité 2010; Maskeliunaité, Sivilevicius 2011); x4;,....X 4, are the variables of j-th
criterion of group A (1, ..., m), whose estimates are used for determining the real criterion
value, ranging from 0 to 1.

The mean weight Z* shows the significance of the criteria of group A (when the number
of the respondents and experts in each category differs). This weight is calculated as follows:

Ze Zyptp+Zygr-tgr+Zy sq-Myg 3)
A - >

where Z, p, Z, s> Z 4, a5 are weights given to the criteria of group A by the respondents
(experts) of categories P, ST, AS; np, ngp, n,g denote the numbers of the respondents (P)
and experts (ST, AS).

The significance estimates (in points) assigned to the criteria of group A by passengers (P),
service staff of the train (ST) and the administration staff (AS) are presented in Table 1.
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Table 1. The significance (weight) of the criteria of group A describing travel by train

Category of respondents and experts Number of questionnaires Weight
Passengers (P) 21 Z,p=02143
Service staff of the train (ST) 20 Z 4 g7 =0.2800

Administration staff of Joint-Stock Company
‘Lithuanian Railways’ (AS)

The average estimate value of all respondents
and experts in their categories

9 Z 45 =0.1444

50 Z4=0228

It has been obtained (equation 3) that the average weight for the opinions of respondents
and experts, regarding the significance of the criteria of group A, is Z7 =0.228.

3. The model for evaluating the criteria describing the technical state
of the railway track and the elements of the train

To calculate the CQI, showing the significance of the train elements and technical state of rails
(railway track), the variables of any criterion x4;,...,X 414, Serving as a basis for calculating
the real criterion value (which ranges from 0 to 1), should be determined.

Quality of the railway track. Geometrical parameters of the railway track include the gauge,
rail dents, the position of rails in plan and elevation view and misalignments. Track quality
index (TQI), allowing us to observe the changes in geometrical track parameters, is used to
describe track quality. The total TQI value is calculated for each kilometre of the railway track
by summing up the TQI values of the geometrical railway track parameter. The total TQI, de-
scribing the quality of the considered railway track in terms varying from ‘very good’ to ‘poor,
may range from 0 to 45 and more points (Table 2) (Savaeigio kelio matavimo vagono EM-140...
2012). When the estimate value of the railway track quality decreases, the train speed is also
decreased. The account of TQI is provided by the track geometry car (TGC) program EMGraph.
It consists of the considered railway track, as well as the considered parameters and their values.

The condition (state) of the railway track may be described by seven geometrical para-
meters (criteria), including gauge (1), cross level (2), left and right surfaces (3, 4), left and
right alignment (5, 6) and twist (7). All these parameters are measured in millimetres. Their
values for 1 km and the total track length vary, i.e. are characterized by variation (spread).
The higher the variation, the larger the deviation of each particular geometrical parameter’s
values from the nominal (specified) values and the closer they approach critical values. This
increases the possibility of an accident, e.g. the train (or its cars) derailing. High variation of
geometrical track parameters gives rise to faster wearing of rails and wheelsets and increases
railway car vibration, noise and acceleration, thereby decreasing the level of comfort for
passengers and the quality of travel by train.

The variation of each geometrical parameter of the railway track on each 1 km-long track
section is measured by a mobile laboratory, i.e. a track geometry car. The total of the variations
of all 7 parameters shows the technical condition of the track expressed by track quality
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index, TQI. The smaller the real TQI, value, the higher the track quality. In the Instruction
K/259 self-propelled track geometry car EM-140 (Savaeigio kelio matavimo... 2012), issued by
order of the director of AB ‘Lietuvos gelezinkeliai, four levels of track quality (ranging from
very good to poor), which correspond to various TQI, = values, have been specified (Table 2).

Table 2. Qualitative evaluation of track based on TQI, = values

Total TQI Track quality
0-20 Very good
21-34 Good
35-44 Satisfactory
>45 Poor

The intervals of track quality levels based on non-dimensional TQI  values, as specified
by the Instruction K/259, (Savaeigio kelio matavimo... 2012) differ to various extent. Thus,
for ‘very good’ (quality), the difference is 20 (20-0), for ‘good; the difference is 13 (34-21),
for ‘satisfactory’ — 9 (44-35) and for ‘poor; the difference is not clear because TQI = > 45.
Table 2 does not show to what poor track state the TQI value can grow. The experimental
investigation performed by the authors of the present work has shown that the highest real
TQI  inax value for 1 km track is 92.4, while the lowest TQI oo value is equal to 7.49.

The Instruction K/259 of Track geometry car EM-140 (Savaeigio kelio matavimo... 2012)
erroneously states that TQI is a non-dimensional value, showing gauge deviation. Since all
geometrical parameters of the track are measured in millimetres (mm), their total, making
the TQI value, also has a dimension. The article by Xu et al. (2011), presenting the modelling
of the track quality index, states that the meth(;d used in China for defining TQI is based on

the total of seven standard deviations (TQI = Z 04> Whereg=1,2,...,7 denotes the number

=1
of the parameter), given in mm. In this worlg<, the variation of any geometrical parameter
(including gauge, cross level, left and right surface, left and right alignment, and twist) is
expressed by the standard deviation . The authors think, however, that to sum up standard
deviations according to mathematical rules is not correct. In this case, it is more appropriate
to use variances 3.

Itis also hardly possible to understand whether 6 is the spread measure of a geometrical
track parameter used in the work (Xu et al. 2011), if a graphical standard deviation model
with the curve of probability density for normal or lognormal distribution is not given. We
think that the TQI coeflicient is the sum of variances Gﬁ, of individual geometrical track
parameters, expressed in mm?.

In the absence of the highest fixed TQI___value, or TQI , value (which means that trains
are not allowed to run even at the lowest speed), it is hardly possible to calculate the variable
x4, of the first group A criterion based on the relationship between the values of TQI and
TQI__ or TQI , subtracted from one.

Given that the track with x:“ =1 for each 1 km track length is the best, while the
track with x; =0 is the worst, and the specified quantitative variation of its quality
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is uniform (making 0.25), the third power regression equation (4), defining non-linear
dependence of x';; on TQI . hasbeen solved and the curve has been plotted (see Fig. 4).

3.2.107°-TQI, . 2—-0.0106-TQI,___ +0.9999. (4)

norm

x;‘;l =-3-10"°- TQInorm norm

The relationship close to the functional dependence between the standard track quality
index TQI determined by the track geometry car and variable x/,; of the first criterion of
group A, whose determination coeflicient R> = 0.9984, has been found.

The value of TQI, corresponding to x/y; =0, which was obtained by using the equa-
tion (4), reached about 51-52 mm?. For the real track of very poor quality, this value may be
several times larger. Given that x:“ values cannot be negative, and the real TQIf, determined
by a track geometry car may exceed 52 mm?, four additional points, extending the area of

poor track quality TQI from 45 to 90, have been introduced (see Fig. 4).

1.00

y = “3B-06x° - 2E-05° — 0.0106x +0.9999
Very good R =0.9984

0.75 v

0.50 + N,

Satisfactory

!

Poor

Variable x/;; of the first criterion of group A
—

0.00 I L T T T ]
0 10 20 21 30 3435 40 44 45 50
Standard track quality index TQI,,,,,, mm?

norm>

Fig. 4. The relationship between the variable x';, of the first group A criterion describing the
dependence of the railway trip quality on the railway track condition and TQI

norm

The increase of TQI values from 60 mm? to 90 mm? by the 10 mm? step caused the de-
crease of x4, values (solid points) so that the curve of the function x';; = f(TQI) could run
smoothly from TQI = =0,when x); =1, throughall standard TQI  values, and asymptoti-
cally approach x',; =0. The standardized TQI  valuesand the modelled TQI , values (solid
points) were described by various regression equations, such as linear (y,), quadratic (y,),
cubic (y,) and fourth power (y,) regression equations (see Fig. 5).

Determination coefficients of regression equations R* (Fig. 5) increase with the increase
in the equation power. Determination coeflicient of the fourth power regression equation is
R?=0.9961, while its regression coefficients of higher accuracy for TQI allow us to obtain the
final expression, showing how the real quality index TQI of the s-th track section is related
to the variable x;;, showing the quality of this track:

xy; =0.997 +0.00245- TQI ;; —0.000962 - TQI)%S +1.532-1075- TQIj,S -6.99-1078 . TQI}S. (5)
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Fig. 5. Various regression equations describing the values of standard track quality

index TQI  and modelled TQI ,
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The curve (Fig. 6) obtained based on the regression equation (5) does not completely
comply with some standard TQI  values. The smallest x'y; value, which is x);; =0.5, cor-
responds to TQIfS =~ 33 mm’ (see TQI = 34 mm’in Table 2 and Fig. 6), while the largest
poor quality track value x';; =0.25 corresponds to TQI, = 46 mm?* (TQI,,, = 45 mm?’in
Table 2 and Fig. 6). Some limiting standard values of various track quality levels, which are

used now, could be slightly corrected because they are conditional and do not reflect the
essential parameters determining comfort of travel by train for passengers as well as limiting
acceleration values, accident risk, etc.

Very good

¥4 = ~7E-08x* + 2E-05x° — 0.001x? + 0.0024x + 0.9969
R?=0.9961

0.75
t

Good

|

33

0.5 *

Satisfactory

!

of the first criterion of group A

'
Al

46

0.25 T

Poor

i

Variable x

0 T
0 10

20 30 40 50 60 70 80 90

Track quality index TQI,, mm?

Fig. 6. The regression equation and the curve used for determining x/;; value
for the first criterion of group A, when the real TQIfs is given
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The railway track is the total of all s-th kilometre lengths with various TQI, values de-
termined by a geometry car. Therefore, the quality of the whole track may be determined
in terms of the compliance of the average TQI ¢ for its particular 1 km lengths with the
variable x 4, of the first criterion of group A obtained from the equation (5) or the curve
(Fig. 6). In the regression equation, the average value of one-kilometre track lengths is
used instead of TQIfS:

Nign
> ra,
TQI ; =~ —o, 6
QI == (©)
where TQI ¢ ls the average track quality index, whose numerical value is equal to the total
variance G%, mm? TQI 2 is quality index of s-th one-kilometre track length, whose numer-
ical value is equal to the total variance of the particular g-th geometrical parameters &
s=1,2,..,N, ,mm?and N, is the track length, km.
Thus, track quality is shown by the compliance of the variable x 4, of the first criterion of
group A, which was calculated from formula (7) having the average TQI #» with one of the
standard quality levels (very good, good, satisfactory, poor) given in Table 2.

2
g

Nkm Nkm 2 Nkm >
> TQI 5 > TQI 5 > TQI 5
x4y =0.997 +0.00245 - <=L —— —0.000962 | “==L—— | +1.532-107° | =L——| -
Nkm Nkm Nkm
Nkm 4
2. TQly,
6.99-10°8.| ==L |, (7)
Nkm

The total track variance o7 for all seven geometrical parameters (their variances denoted
as Gé, g=1,2,..,7), measured by a geometry car, is used as TQI, based on which x ,; is cal-
culated. The value of x4, obtained from the regression equation (7) is used in the model (2)
to evaluate the quality of travel by train, depending on the railway track quality.

Speed of the train (trip duration). To ensure safe traffic by railway, taking into account the
surface railway structures, earth embankments, their condition and various types of trains,
as well as their working to schedule and meeting technical regulations of railway operation,
the highest allowable speed of trains and locomotives on the railway tracks near the stations
and on the railway track sections between stations (Dél didziausio leistino traukiniy ir lo-
komotyvy greicio... 2009; Techninio gelezinkeliy naudojimo nuostatai 1996) was specified.
The value of CQI K, summand, determining the influence of the train speed (time of travel),
is calculated by the equation:



Technological and Economic Development of Economy, 2014, 20(3): 484-506 495

nstage ‘AV ‘
z 1_7f -,
=1 Ymax,

Xpp = , (8)

nstuge

2
=1

where x,, is the variable of the 2nd criterion of group A; n, is the number of railway track
sections between stations (I = 1,2, ..., n,, ); Av,is the real and the highest allowable speed
difference of a train at the I-th section of the track, km/h; v, is the highest allowable speed
of a train at the [-th section of the track, km/h; [ denotes the lengths of the sections of the
track, km.

The state of the passenger carriage exterior. The condition of the passenger carriage
exterior (cleanness, deformations, damages, etc.) is evaluated in points as follows: 0 means
that the carriage is not clean and has some deformations or damages; 1 shows that the carriage
is not clean, but any deformations or damages cannot be observed, or it is clean, but there are
some damages; 2 denotes that the carriage is clean and has no damages. The value of CQI K,
summand, determining the influence of the carriage cleanness and damages, is calculated

by the equation:
"Z[ CES; J
S\ CESpax ).

R V8 ©)

ncar

where x, is the variable of the 3rd criterion of group A; CESis the real condition (cleanness,
damages) of the c-th carriage (c= 1,2, .., n_ ) expressed in points (0, 1 or 2 points); CES__ is
the highest estimate value of the carriage in points (2 points); n__is the number of carriages
in the train.

Noise reduction measures (noise insulation). The limiting values of noise produced by
the stationary noise sources in residential and public buildings and their environment are
specified by the hygiene standards. The specified noise level can be equivalent to the noise
level in the train conductor’s compartment. Limiting noise exposure values are specified by
risks regulations (Darbuotojy apsaugos nuo triuksmo... 2005) aimed at protecting the workers
from noise exposure. They give noise exposure levels allowable for starting the activities, based
on the noise levels recorded daily. The limiting noise exposure value L, = 87 dB(A). The
CQI K, summand, assessing the effectiveness of measures aimed at decreasing noise level,

is calculated by the equation:
rf [ NLf ]
=1 NLmax,a c

Xy =1 A (10)

nCﬂT’

cai

where x,, is the variable of the 4th criterion of group A; NLis the real noise level in the c-th
carriage, dBA; NL_ . is the allowable noise level in the c-th carriage, dBA, n,is the number
of carriages in the train.
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The interior of a passenger carriage. This is important because it contributes to creating
a favourable impression about the company, providing passenger transportation services.
Moreover, pleasant interior finish makes passengers and service staff feel good during the
journey. Passenger carriage interior is evaluated in points as follows: 0 is given to an old (not
modernized) carriage, 1 is assigned to an old (modernized) carriage and 2 is given to a new
carriage. The CQI K, summand, assessing the carriage interior influence on travel quality,

is calculated by the equation:
ncza‘:( CIf ]
c=1 CI max

x gy = oI e (11)

ncur

where x,_ is the variable of the 5th criterion of group A; CI, is the real estimate of the c-th
carriage interior in points (0, 1 or 2 points); CI__ is the maximum allowable carriage interior
estimate value in points (2 points); n__is the number of carriages in the train.

Operation of ventilation, air conditioning, cooling and lighting systems in terms of their
timely switching on/off. The operation of ventilation, air conditioning, cooling, heating and
lighting systems is evaluated in points as follows: 0 means that none of these systems operate
in the carriage, 1 shows that one of these systems operates in the carriage, 2 indicates that
two systems operate in the carriage, 3 implies that three systems operate in the carriage and
4 means that all the above-mentioned systems operate in the carriage. The CQI K, summand,
assessing the influence of carriage ventilation, air conditioning, heating and lighting systems
on travel quality, is calculated by the equation:

”Z( VCL, j
—| VCL
Xpo=n e (12)

ncar

where x,  is the variable of the 6th criterion of group A; VCL is the estimate (in points) of the
operation of the c-th carriage systems (0, 1, 2, 3 or 4 points ); VCL__is the highest possible
estimate of the systems operating in the carriage (4 points); n__is the number of carriages
in the train.

Temperature required inside a passenger carriage. The water heating system should
provide comfortable conditions for passengers and service staff of the train (and of a particular
carriage). The air temperature in a passenger carriage should be at least +18 °C, even when the
outdoor temperature reaches —40 °C. The carriages are heated by burning solid fuel. When
the water in the boiler is heated by electric heaters (from the high voltage overhead contact
system of 3000 V), the temperature in the passenger carriage is automatically maintained in
the range of 22 + 2°C. In summer, the temperature is maintained in the range of 24 + 2°C
due to the use of air-conditioning systems. If, in winter, the average real temperature in the
carriage is +22 °C (Fig. 7), this is considered to correspond to the highest quality level (x,, = 1).
When the real temperature is equal to the lowest allowable value of the winter temperature
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Fig. 7. The relationship between the standardized temperature in a carriage and passenger comfort

in winter (when the outdoor temperature is not lower than —40 °C) and in summer
(when air conditioning is used)

T,, = +20°C or to the highest allowable value T, = +24°C, then, x,, = 0.5. If, in summer,
the average temperature matches the optimal temperature in this season equal to +24 °C, then,

= 1. When the real temperature corresponds to the lowest allowable value in summer,
TDS = Tf +22°C, or to the highest allowable temperature value Tj;q = Tf +26 °C, then,
there is the average quality level (x,, = 0.5) in the carriage. The standards do not regulate
the temperature in the carriage higher than +28 °C and lower than +20°C in summer and
higher than +26 °C in winter (Egorov 1987).

The CQI K, summand, assessing the temperature inside the carriage, is calculated by the

equation: T, +T
‘vTip
R

TU - TD

x4, =1- c, (13)

ncar

where T, is the lowest allowable carriage temperature, °C. In winter, when solid fuel is burned
and the outdoor temperature is not lower than —40 °C and not higher than +10°C, T, = 18 °C,
while when water is heated by electricity, T, = 20 °C (the temperature of (22 + 2) °C should
be automatically maintained). In summer, when air-conditioning is used, the temperature of
(24 + 2) °C should be automatically maintained, therefore, T, = 22 °C (Egorov 1987); T , is
the highest allowable temperature inside a passenger carriage (+26 °C). In winter, when the
outdoor temperature is not lower than —40 °C and solid fuel is used for heating, T, = +22 °C,
while when water is heated by electricity, T, = 24 °C (the temperature of (22 + 2) °C should
be automatically maintained); n_ is the number of passenger carriages in the train; T is the
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average temperature in the c-th carriage measured n_times at various places of the carriage
during the trip:

nr
2Ty
—t=l

Gy

Ty (14)
where Tﬁ is the temperature obtained in the t-th measurement, °C; n,is the number of tem-
perature measurements (=1, 2, ..., 1.).

The worst case (x,, = 0) can be observed, when 7_"f is by 2 °C smaller than the lowest
allowable value T, or when T is by 2 °C larger than the highest allowable value T, . If T,
is smaller than T by more than 2 °C or is by 2 °C larger than T, a negative value of x, is
obtained, which is taken to be equal to zero.

Type (ordinary or vacuum) and condition of the train toilets (lavatories). In the car-
riages of long-distance and local passenger trains, two vacuum toilets (lavatories) should be
equipped, while one toilet should be provided in the luggage car and one in the dining car.

A toilet (lavatory or WC) is evaluated in points as follows: 0 means that toilets (lavat-
ories) in a passenger carriage are out of order, 1 shows that there are ordinary toilets in the
carriage, which are clean and in good order, 2 shows that, in a passenger carriage, there is
one ordinary toilet and one vacuum toilet, which are clean and in good order, 3 implies
that there are vacuum toilets in the carriage, but they are not clean and not in good order, 4
means that there are vacuum toilets in the carriage, which are clean and in good order. The
CQI K, summand, assessing the influence of passenger carriage’s toilets on the trip quality,

is calculated by the equation:
c=1 WCmaX c

X g = ——te (15)

ncar

where x o 18 the variable of the 8th criterion of group A; WC . is the estimate of the real con-
dition of lavatories in the c-th carriage, expressed in points (0, 1, 2, 3 or 4 points); WC__ is
the highest possible estimate (in points) for the c-th carriage (4 points); n__is the number
of carriages in the train.

The structure of berths (safety belts on upper level berths) and special facilities for the
disabled. The structure of berths (the safety belts on upper level berths) and special facilities
for the disabled passengers are evaluated in points as follows: 0 means that the upper level
berths are not provided with safety belts and a passenger carriage is not adapted for the dis-
abled passengers, 1 implies that the safety belts are available on the upper level berths, but
the carriage is not adapted for the disabled passengers, 2 shows that the upper level berths
have safety belts and the carriage is adapted for the disabled passengers, 3 shows that a pas-
senger carriage has only lower level berths (therefore, safety belts are not needed), but it is
not adapted for the disabled passengers, 4 means that a passenger carriage has only lower
level berths and is adapted for the disabled passengers. The CQI K, summand, assessing
the structure of the berths in the carriage (the availability of safety belts on the upper level
berths), is calculated by the equation:
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where x , is the variable of the 9-th criterion of group A; PB, is the estimate in points (0, 1,
2, 3 or 4 points) of the berth structure in the c-th carriage (the availability of safety belts on
the upper level berths) and the adaptation of a passenger carriage for the disabled passengers;
PB__isthe highest possible estimate (4 points) of the berth structure (the availability of safety
belts on the upper level berths) and the adaptation of a passenger carriage for the disabled
passengers; n__is the number of carriages in the train.

The availability of regularly operating shower equipment. The availability of shower facil-
ities in a passenger carriage is evaluated in points as follows: 0 means that shower equipment
is not installed in the carriage, 1 implies that shower facilities are available in the carriage
at fixed hours and are in good working order, 2 shows that shower facilities are available in
the carriage at any time. The CQI K, summand, assessing the influence of shower equipment
availability in a passenger carriage on travel quality, is calculated by the equation:

f
Xq10 = &) (17)
car
where x,,  is the variable of the 10-th criterion of group A; S 1s the estimate of shower equip-
ment availability and its work hours in the c-th carriage in points (0, 1 or 2 points); S __ is
the highest possible estimate of shower equipment availability and its work hours (2 points);
n_ is the number of carriages in the train.
Special compartments for transporting bicycles. It would be hardly rational to have
a special compartment for carrying bicycles in each passenger carriage, therefore, it was
considered that there should be at least one railway carriage or a special compartment in
the train for bicycle transportation. The possibility of transporting bicycles in the train is
evaluated in points as follows: 0 means that there is no special carriage or compartment
in the train for carrying bicycles, therefore, their transportation is prohibited, 1 denotes
that there is no special carriage or compartment in the train for transporting bicycles,
but they may be carried for a fixed payment, when disassembled and packed, 2 implies
that there is no special carriage or compartment in the train for transporting bicycles, but
they may be carried free of charge, when disassembled and packed, 3 shows that there is a
special carriage (or compartment) for transporting bicycles for a fixed payment, 4 means
that there is a special carriage (or compartment) for transporting bicycles free of charge.
The CQI K, summand, assessing the possibility and conditions of carrying bicycles in the
train, is calculated by the equation:

TB
f
XA11 2?

max

, (18)

where x,, is the variable of the 11th criterion of group A; TB, means the presence or absence

of a special carriage or compartment for carrying bicycles in the train and the evaluation of
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transportation conditions in points (0, 1, 2 or 4 points); TB, _is the highest estimate of the
conditions for carrying bicycles in the train (4 points).

Smoking places. This criterion is evaluated in points as follows: 0 means that smoking
in the train is prohibited, 1 smoking is allowed in special vestibules, 2 implies that there is a
special carriage in the train for smokers. The CQI K, summand, assessing the influence of the
conditions for smoking in the train on travel quality, is calculated by the equation:

SPf

XA12 = sp_ (19)

max

where x,, is the variable of the 12th criterion of group A; SP is the estimate of smoking
places in the train in points (0, 1 or 2 points); SP__is the highest possible estimate of smoking
places in the train (2 points).

Radio broadcasting unit and its centralized operation (switching on/off). During the
trip the information about the route, the names of the stations (the stations, where border
and customs control activities are carried out), the arrival of the train at the final station,
the information about the services provided, as well as the behaviour rules for passengers
in the train and fire safety regulations, which they have to observe in travel, are broadcas-
ted over the radio. Passengers are also informed about the delay of the train, its causes and
shortened stopping time because of it. Moreover, radio programmes, as well as popular and
classical music, are broadcasted over the radio in the train. A radio broadcasting unit and
its centralized operation (switching on/off) are evaluated in points as follows: 0 means that
a radio broadcasting unit is not available in the carriage (it is either not installed or is out
of order), 1 implies that a radio broadcasting unit in the carriage is switched on or off by a
switch located in the conductor’s compartment, 2 shows that a radio broadcasting unit in the
carriage is switched on or off by switches found in each compartment, 3 denotes that a radio
broadcasting unit in the carriage is switched on or off by switches found in each compartment
and in the corridor, 4 means that any passenger, who would like to listen to the radio, can
use special headphones. The CQI K, summand, assessing a radio broadcasting unit and its
centralized on/off switching, is calculated by the equation:

R

XA13 :&’ (20)

car
where x, , is the variable of the 13th criterion of group A; R;is the estimate in points (0, 1, 2,
3 or 4 points) of the operation of the radio broadcasting unit in the c-th carriage and its cent-
ralized on/off switching; R _ is the highest possible estimate of the radio broadcasting unit
operation and centralized on/off switching (4 points); #__is the number of carriages in the train.
Dining-car (buffet-car). The availability of the dining car and the provided services and
their quality are evaluated in points as follows: 0 means the absence of a dining car in the
train, and the conductors of the carriages do not offer any snacks or drinks either, 1 means
that there is no dining car in the train, but conductors offer tea, coffee, etc., to passengers,
2 shows that the dining car is available only at weekends, strong drinks are not offered, there
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are no waiters in this car, and conductors do not offer any drinks or snacks to passengers
either, 3 means that the dining car is available only at weekends, strong drinks are not offered,
there are no waiters in this car, but conductors offer passengers tea, coffee, etc., 4 means
that the dining car is available only at weekends, strong drinks are offered there, there is
also a waiter in this car, and conductors offer passengers tea, coffee, etc., 5 shows that there
is a constantly operating dining car in the train, strong drinks are not offered, there are no
waiters there, and conductors do not offer drinks or snacks to passengers either, 6 denotes
that there is a constantly operating dining car in the train, strong drinks are not offered,
there are no waiters there, but conductors offer tea, coffee, etc. to passengers, 7 means that
there is a constantly operating dining car in the train, strong drinks are offered there, but
there are no waiters in this car, and conductors offer tea, coffee, etc. to passengers, 8 means
that there is a constantly operating dining car in the train, where strong drinks are offered,
there is also a waiter there, and conductors offer tea, coffee, etc. to passengers. The CQI K -
summand, assessing the influence of the availability of the dining car in the train on travel
quality, is calculated by the equation:

Xa14 = —Dcf

DC

max

21

>

where x,, is the variable of the 14th criterion of group A; DC is the estimate of the dining

car availability and the provided services in points (0, 1, 2, 3, 4, 5, 6, 7 or 8 points); DC
is the highest possible estimate of the dining car availability and the provided services
(8 points).

The possibility of calling the conductor to a passengers’ compartment in emergency cases.
It is comfortable for passengers to have an opportunity to call the conductor of a carriage
to the compartment, when they need some information or help in the case of emergency.
They can do it by pressing a button. The possibility of calling the conductor to a passengers’
compartment in the case of emergency is evaluated in points as follows: 0 means that there
is no button (switch) for calling the conductor to a passenger’s compartment in the carriage,
1 implies that a button (switch) for calling the conductor to a passenger’s compartment is
installed in every compartment, though it is out of order (e.g. a special magnetic card is
required for it to start operating, which is not available); 2 means that a properly operating
button (switch) for calling the conductor to the compartment is available in the carriage. The
CQI K, summand, assessing the possibility to call the conductor to a passenger compartment
in the emergency case, is calculated by the equation:

%( ACf J
— | AC
Xals = T (22)

ncar

where x, . is the variable of the 15th criterion of group A; AC.is the estimate in points (0, 1
or 2 points) of the possibility to call the conductor to a passenger compartment of the c-th
carriage in the case of emergency; AC__ is the highest possible estimate of the possibility to
call the conductor to a passenger compartment in the case of emergency (2 points); n__is

the number of carriages in the train.
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The possibility of using electrical appliances (hairdryer, iron, etc.) in the train. This
possibility is estimated in points as follows: 0 means that passengers cannot use a hairdryer,
an iron or other electrical appliances in the train, 1 implies that passengers can use their own
hairdryers in the train though an iron for ironing clothes is not available, 2 shows that there
is a special compartment in the train, where passengers can use a hairdryer and an iron for
a fixed payment, 3 means that there is a special compartment in the train, where passengers
can use a hairdryer and an iron free of charge, 4 means that there is a beauty parlour, where
a passenger can have his/her hair done and a special compartment in the train, where pas-
sengers’ clothes are washed and ironed free of charge. The CQI K, summand, assessing the
possibility of passengers to use a hairdryer and an iron, is calculated by the equation:

HIf
xA16 :T’ (23)

max

where x,, is the variable of the 16th criterion of group A; HI, is the estimate of the possib-
ility for passengers to use a hairdryer and an iron in the train expressed in points (0, 1, 2, 3
or 4 points); HI _ is the highest estimate of the possibility for passengers to use a hairdryer
and an iron in the train (4 points).

The index K ,, describing the criteria associated with the train elements and railway track

condition is calculated by the additive equation:
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Based on the considered model and real research data, as well as the allowable or best
values of each criterion, the significance of the criteria of group A for evaluating the quality
of passenger transportation by train by a single value may be obtained.

The additive equation (24) was verified by solved example with real data (Sivilevicius,
Maskelianaité 2014). Consequently the result corresponds the principles of the proposed
method for determining the quality of travel by train and is real (K, = 0.1341, i.e. it is
0<K,<1).

Conclusions

The quality of travel by train is described by a set of criteria, referring to the parameters of
the railway lines, rolling stock (elements of the train) and organization and technology of
passenger transportation, as well as the cost and safety of the trip by train. Nineteen out of
49 criteria, making 4 groups and describing the train elements and the technical state of rails
(railway track), are considered in the present paper.

The developed original additive mathematical model is used for calculating the values
of each of the 16 criteria based on the normalized weight of the criterion multiplied by its
variable. The correspondence of the criterion variable to the specified, critical, highest,
admissible or the best values is determined. For this purpose, the real (actual) values of the
criterion variable are compared with the specified, critical, highest, admissible and the best
values, and the value, showing the closeness of a particular criterion describing the trip by
train to the best level (when its value is equal to one), average level (when its value is about
0.5) and the worst (inadmissible) level (when its value is about 0), is calculated.
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